Abstract: We present a simple and straightforward method for estimating the mean density of topographic masses based on underground gravity measurements along with topography modelling. Two examples under different conditions are given, the first coming from a railway tunnel passing through a Mesozoic karst area and the second from an active coal mine situated in a Neogene sedimentary basin. Relative gravity measurements were processed and corrected by topographic effect modelling based on high-precision airborne LiDAR-derived elevation models. In addition, detailed mining tunnel gravimetric modelling based on terrestrial laser scanning data is presented. Resulted mean (bulk) densities are compared with those obtained from detailed surface gravity measurements as well as with available rock-samples density analysis.
Introduction
Calculation of Bouguer anomaly requires proper correction (reduction) density estimation. While the density of 2.67 g/cm 3 (1 g/cm 3 = 10 3 kg/m 3 ) is generally used in global or regional studies (e.g. LaFehr, 1991; Hinze et al., 2005) , in local studies the correction density should represent a real topographic rock density within the given area. The Bouguer correction density is often estimated directly from the surface gravity measurements by simple correlation of Bouguer anomalies with topography (Nettleton, 1939) . More straightforward comparing of near topographic effect with free-air anomalies in the territory of Slovakia was recently studied in Mikuška et al. (2014 Mikuška et al. ( , 2017 .
The utility of underground gravity measurements for the density determination is well known. The gravity difference between a station at the surface and a vertically offset underground station depends on the mean density of the Earth, as well as on the density of the rock layer between the stations (e.g. Domzalski, 1955) . Knowing one of these densities the other one can be determined, while the determination of the average rock layer density is generally more reliable.
In this paper we deal with gravity measurements using standard relative gravity meters, performed at the surface and in underground mines, shafts, tunnels etc. However there is a close connection with borehole gravity surveys. As Hammer (1950) wrote, his survey with standard-type gravimeter in vertical shaft was made to simulate the data, which would be obtained by a borehole gravimeter.
There is a reason why we could consider the density determination by underground gravity measurements as superior to other methods. As Hammer (1950) and Domzalski (1955) mentioned, the average (integrated) bulk density of the rocks is exactly what we need in gravity prospecting. In addition, such density can generally differ from the densities obtained from the measurements on rock samples. Pícha (1953) published results of gravity measurements along the vertical shaft in the mine "Anna" near Příbram in the present-day Czech Republic. And later there were other underground gravity works in the Czech Republic including experimental gravity and vertical gravity gradient measurements in the mine shaft Stonava on which we collaborated (Pospíšil et al., 2013) . Within the territory of the present-day Slovak Republic, however, so far we have knowledge only about unpublished pioneering underground gravity measurements in mining workings of Maar in Vybíral et al. (1990) . The absence of modern underground gravity works in our country also motivated us to perform such measurements.
The issue of rock-densities in the territory of Slovakia is currently under consideration inŠamajová and Hók (2018). The authors summarized the already published density information (coming mainly from rock-samples analysis) and they subsequently attempted to assign a characteristic density interval to the main geologic/tectonic units present in Slovakia. As they realized, there is a very high variability of the rock densities, both laterally and vertically. Therefore, the question of proper density determination for local gravity surveys is still an open issue. In this article we present a method that enables to determine Bouguer correction density in-situ.
Currently, the LiDAR technique is often used for the generation of highresolution digital elevation models (DEM) with their wide applicability in various areas. We successfully used the LiDAR data for the vertical gravity gradient prediction (Zahorec et al., 2016) , where the exact calculation of the near topographic effect is crucial. The use of terrestrial laser scanning for the near terrain correction calculation is described by Schiavone et al. (2009) . Here we have used LiDAR-based elevation models, as well as terrestrial laser scan models for the precise near-zone topographic effect calculations presented in this paper.
In the first part of the article we describe the methodology for density determination. Then, two case studies are presented.
Methods of rock density determination from underground gravity measurements
The classical approach to determine mean rock density from underground gravity measurements (e.g. Hammer, 1950 ) is based on the following relation for gravity change along the vertical underground depth interval ΔH:
where F is the free-air vertical gradient (-0.3086 mGal/m), κ is the gravitational constant, σ is the density and ΔT represents the variation of the terrain correction over the elevation interval ΔH. The right-hand side of Eq. 1 (except of the term ΔT ) is also called Poincaré-Prey reduction. By inserting the known values the desired density can be expressed from Eq. 1 as follows:
assuming that Δg is corrected for topography undulations, as well as for underground excavations (shaft, mine, tunnel, etc.) . The density calculated using Eq. 2 is expressed in g/cm 3 , while the gravity is in mGal and the elevation in m. Introduction of the terrain (and excavations) correction into Eq. 2 requires input density estimation. As Hammer (1950) writes, this term is so small that no appreciable error is introduced by using an assumed value of the density for it. However, it is still a source of a potential additional error. A method presented below overcomes this complication. Another source of potential error in density determination arises from anomalous vertical gradients associated to local or regional gravity anomalies. The presence of anomalous bodies can be estimated from Bouguer anomaly maps or from additional gravity measurements (Hammer, 1950) . Because of the known geological situation in our study areas, we do not expect local anomalous bodies, which could potentially cause anomalous vertical gradients.
Unlike the classical method, the presented approach is simpler and more straightforward. After correcting the measured gravity difference between the vertically separated surface and underground gravity stations using the normal VGG (again, presuming there is no abnormal VGG caused by anomalous sources), we can assign the resultant gravity difference Δg (which in fact equals to the difference in the free-air anomalies) to the difference in the effect of the topography (meaning the gravitational effect of the masses between the topo-surface and the zero level, the so-called Near Topographic Effect -NTE), taking into consideration the effect of the underground objects (tunnel, mine). Therefore the density value can be simply obtained by dividing the Δg by the ΔNTE, while NTE is calculated for the density of +1.0 g/cm 3 and the tunnel/mine effect for the density of -1.0 g/cm 3 . It should be noted that the situation is a little complicated if the measuring points lie below seal level, we will discuss this briefly later.
The NTE is calculated using the proprietary software Toposk (Zahorec et al., 2017a) . The program enables to calculate very precise topographic effect at arbitrary point location, e.g. above or below the topographic surface, the latter being a special case of underground gravity stations. The NTE is considered up to the standard distance of 166.7 km, while the calculated area is divided into the following zones: inner zone up to 250 m from the calculation point, intermediate zone 250-5240 m and outer zones from 5.24 up to 166.7 km. The inner and intermediate zones play dominant roles, so they must be considered more carefully. We have used high-precision DEMs derived from LiDAR data within the inner zone.
The effects of underground objects (tunnel, mine) were calculated using two approaches. First we tried to use again the Toposk software and DEMs prepared from terrestrial laser scanning data. As the Toposk program requires input elevation models in grid format, the excavated object must be defined using two complementary grids. The effect of the object is calculated simply as a difference between the topographic effects of the top and the bottom topo-surface (grid), see an example in Fig. 1 . We have successfully used this approach in the case of railway tunnel (case study I), as we had a detailed laser scan model available over the whole tunnel (performed by Amberg Tunnel Scan system). On the other hand, as we did not have such model available from the mine (case study II), we tried to perform laser scanning using the total station Trimble SX10. But as we have realized, this task has become very difficult due to the presence of a dense fog inside the mine. Therefore we were not able to model the mining corridor up to a sufficient distance around all measurement stations employing laser scan data. Thus we utilized Potent software (Potent, 2010) for modelling using a polygonal prism approach, while the cross section of the mining corridor was taken from the closest laser scan data (Fig. 2) or from hand-held laser distance meter measurements. Fig. 1 . An example of underground object (tunnel) modelled by two topo-grids. Gravitational effect of the tunnel is calculated using Toposk software simply as a difference between topographic effects defined by particular topo-surfaces. Fig. 2 . 3D view of in-situ laser scanning data from the mine (case study II, left). A cross section of the mine (right) was defined by the point cloud (black) taken from the closest laser scan data. Red crosses were used as vertices of polygonal prism approximating the tunnel and modelled using the Potent software.
Case study I -railway tunnel Soroška
The underground gravity measurements were performed in the Jablonovský railway tunnel passing Mesozoic karst rocks in the Slovenský kras area (Fig. 3) . Measurement stations in the tunnel were chosen at the crossing points of the tunnel with the former detailed surface gravity profiles (Fig. 4) , while the vertical distance between surface gravity stations and the tunnel was approximately 200 m. Our goal was to validate the value of the correction density used in Bouguer anomaly calculation. Since the gravity survey mainly covers the area of Mesozoic rocks (limestones, marl slates, etc., see Fig. 4 ), we assumed that their density should not differ much from the value of 2.67 g/cm 3 . Detailed density analysis along the surface gravity profiles based on the proportionality between free-air anomalies and the NTE (Fig. 5 ) confirmed this assumption, leading to the value of about 2.66 g/cm 3 (Mikuška et al., 2017) . On the other hand, the density analysis from drilling rock-samples showed a little higher values of volume densities, specifically about 2.7 g/cm 3 (Zahorec et al., 2017b) . We assume that this difference could be due to a significant karstification of the limestones.
Positions of the underground gravity stations were determined by terrestrial measurements using the total station Leica MS50. Horizontal and vertical accuracy of the measurements are better than 0.03 m. The stations inside the tunnel were set to be vertically aligned with the surface gravity points within a few centimeters in their horizontal positions. Besides the four main stations (exactly projected from the surface gravity profiles points), several side points were also measured for comparison. Gravity values at each station were measured using CG-5 gravity meter, while the same instrument and the same methodology were used for the surface gravity measurements. The gravity measurement error was estimated at ±10 μGal for both surface and underground measurements. In addition, vertical gradients of gravity (VGG) were measured at two underground stations to appraise methodically the possibility of the den-sity determination from the VGG measurements. The VGG measurements were performed in a tower mode using relative gravity meter CG-5 and a geodetic tripod. Gravity was measured in A-B-A-B-A repeated mode at two height levels (A and B) with gravity meter sensor approximately 0.25 m and 1.2 m above the ground, respectively. The exact height of the gravity meter sensor above the ground was measured using high-precision hand-held laser distance meter. The measurement at one station had to be interrupted due to a passing train. The measurement error at this station was estimated to ±7 μGal, while it was ±2 μGal at the other station.
As mentioned above, the measured positions of gravity stations and their gravity values have to be corrected for the normal gradient (-0.3086 mGal/m), and then for the NTE, including the effect of the tunnel. For this purpose we used the airborne LiDAR-based DEM with resolution of 0.5 m and estimated vertical accuracy of approximately ±0.15 m (Zahorec et al., 2017b) . In addition, the available terrestrial laser scan model of the tunnel (performed by Amberg GRP 5000) was used for exact calculation of the effect of the tunnel. We also calculated the effect of the tunnel on the surface gravity points. Since this effect reaches values of only several μGal, it can be neglected. Tables 1 and 2 summarize the mentioned effects and the calculated density values for pairs of the surface/underground gravity stations, as well as underground VGG points. The results will be discussed Table 1 . Summarized measured differences ΔH, Δg, calculated free-air gradient effect (FAGE), near topographic effect (density of +1.0g/cm 3 ), gravitational effect of the tunnel (density of −1.0 g/cm 3 ) and calculated densities for a set of pairs of surface/underground gravity stations within the case study I. later. For verification we have also compared our straightforward approach of density determination with the classical method described above (Eq. 2). Table 3 summarizes calculated effects and resultant densities. The terrain correction (for the "assumed" density of 2.67 g/cm 3 ) was calculated as difference between the gravitational effect of truncated spherical layer with the thickness equal to the elevation of a particular surface gravity station and the calculated NTE. We note that the this way calculated terrain correction has a "standard" meaning for surface gravity points, but this is not the case for underground gravity points. It is interesting to see that in the case of Table 3 . Summarized terrain corrections (assumed density of 2.67 g/cm 3 ), gravitational effects of the tunnel (assumed density of -2.67g/cm 3 ) and calculated densities for a classic method applied to a set of pairs of surface/underground gravity stations (measured values of ΔH and Δg are shown in Table 1 Table 3 ). That is in agreement with previous works, e.g. by Algermissen (1961) . Because our goal was numerical comparison of the methods, we calculated terrain correction up to the same distance of 166.7 km, however, Algermissen (1961) for instance calculated his correction for topography up to 2615 m (8578 feet). The last column in Table 3 shows density values calculated for the specific case in which terrain correction and tunnel effect are not included in the calculation at all. Since this locality is hilly, the differences are significant this time.
Case study II -active coal mine Baňa Nováky
This case study is a typical example of an active subsidence associated with mining activities. Currently the area is intensively studied within the framework of the scientific project VEGA 1/0462/16. Monitored gravity profiles are located above the border of the mining area (Fig. 6 ). Unlike in case study I, a small number of the monitored gravity points, as well as the flatness of the area, do not allow a reliable density analysis based on the surface gravity profiles. Moreover, we do not have rock-sample density analysis available from this area. Therefore we performed underground gravity measurements (and corresponding surface measurements) in accessible mining corridors, in order to prove the density determination methodology and to better estimate the Bouguer correction density for the gravity profiles.
Positions of five underground gravity stations (Fig. 6) were determined by terrestrial measurements using the total station Trimble SX10. Horizontal and vertical accuracies of the measurements are better than 0.05 m. The corresponding surface gravity stations were targeted using GNSS measurement in the Real Time Kinematic Mode (RTK) with SKPOS service. The surface stations were set to be vertically aligned with the underground gravity stations within a few centimeters in horizontal position, while the vertical distance between surface/underground stations ranged from 146 to 200 m.
Gravity value at each station was measured using two CG-5 gravity meters. After the data processing we found out that there were systematic differences between the gravity values from the individual gravity meters (average difference of 40 μGal). We assumed that this could be caused by incorrect calibration factors of gravity meters. Therefore we subsequently performed re-calibration of both gravity meters at vertical calibration line with gravity range of 200 mGal in the High Tatra Mountains. After the reprocessing, average difference between gravity values from both gravity meters decreased from 40 to 15 μGal. It is even more interesting to note that McCulloh (1965) already pointed out the errors in density determination associated with bad calibration factors.
Besides positional measurements, we also used total station Trimble SX10 for laser scanning to map the shape and dimensions of the mining corridors in order to calculate their effect using the Toposk program. However, it was not easily performed because of the presence of dense fog. We got sufficient scans (at least 20 m around the gravity station) only at two stations. Therefore we had to model the gravitational effect of the corri-dors also in another way, by means of polygonal prism approximation using the software Potent (Fig. 7) , while a cross-section of the prism was defined on the basis of laser scan data (Fig. 2) . We compared both approaches at common points. Both methods provided practically the same results. The advantage of the modelling via Potent software is that we can extend the length of the corridor arbitrarily. On the other hand, proved by our modelling tests, extending the corridor length beyond 20 m on both sides brings only negligible improvement of its gravitational effect. The NTE was calculated in the same way as described above, using highprecision airborne LiDAR-based DEM, although this time with resolution of 1 m and estimated vertical accuracy of approximately ±0.15 m. The calculated effects are summarized in Table 4 . The average value of the determined density is about 2.04 g/cm 3 . According toŠamajová and Hók (2018), densities in Neogene basins should range from 2.0 to 2.2 g/cm 3 to a depth of 1000 m. Nevertheless, Stránska et al. (1986) state the value of 1.92 g/cm 3 for Neogene formation in Hornonitrianska kotlina basin. 
Discussion
Results from case study I (Table 1) show that the surface/underground gravity measurements give reliable density value of approximately 2.66 g/cm 3 , which is in perfect agreement with the density analysis of profile surface measurements (Fig. 5 ). This density value also supports the assumption about the lower mean density due to the karstification of the rocks, in contrast to the laboratory rock-samples densities. There is yet another interesting fact arising from Table 1 . We can sort the measured stations into two groups according to their position below the surface profiles. The first group consists of the first three points (numbered starting with the numeral 1). This group of points is about 300m away from the second group along the tunnel. When considering these groups separately, we can see a weakly decreasing trend of the calculated density. The average density value in the first group of points is 2.660 g/cm 3 , while in the second group it is 2.657 g/cm 3 . The difference is really small, but it could represent a change in lithology, or in the intensity of karstification. On the contrary, underground VGG measurements (Table 2) show controversial results. The estimated densities differ from each other, as well as from previous values. This could have several reasons. First reason could be the expected sensitivity of the method to the measurement error. Table 2 shows that the greatest impact on the mutual density differences between two stations arises from the measured gravity differences. Better density estimation would require more accurate VGG measurements. Yet there is also another issue to consider. The VGG measurement, unlike the surface/underground measurement, is much more sensitive to local density conditions around the VGG station. This makes the method principally less suitable for Bouguer correction density estimation, even if the maximum measurement accuracy is achieved.
Comparing densities calculated using the presented method (Table 1 ) with the ones calculated using the classical method (Table 3 , fifth column), we found only very small differences. This is because we used the same approach for the calculation of the NTE and the terrain correction and also because the "assumed" density of 2.67 g/cm 3 (used for terrain correction in the classical method) is very close to the true density. However, if the assumed density differed greatly from the real one, the result would be much more affected. This fact is highlighted when the terrain corrections in the classical method are completely omitted (Table 3 , last column). Since the topography in this area is hilly, the error in density estimation increases considerably.
Densities determined in the case study II (Table 4) show a significantly increasing trend with increasing number of stations. We assume that there could actually be a connection with the positions of stations, since the stations with lower numbers are distributed in the area of extracted coal beds, while those with higher numbers are outside the exploited area (see Fig. 6 ).
One more remark is needed. The presented method is easy to implement in cases where underground stations are still at positive heights (i.e. above sea level), which was the case for both presented sites. On the other hand, if underground stations would have negative heights (i.e. below sea level), the method would require modifying elevation models, because usually DEMs are defined only for positive elevations.
Conclusions
The presented straightforward method for Bouguer correction density determination based on underground as well as surface gravity measurements was used in two case studies with different conditions. The density of 2.66g/cm 3 was calculated for a Mesozoic karst area in the Slovenský kras and the mean density of 2.04 g/cm 3 was calculated for the Neogene rocks of the Hornonitrianska kotlina basin. The determined densities are in accordance with the published values typical for both sites. At the first site a slightly lower density was determined compared to the results of rock-samples analysis, probably due to karstification. In addition, the calculated densities show systematic change in horizontal direction, suggesting the possible change in the geological structure depending on the position of extracted coal beds (case study II), as well as the intensity of karstification (case study I). Comparison with the "classical" method (based on Poincaré-Prey reduction including terrain corrections) shows consistency, if the same approach is used for the topographic effect and the terrain correction calculation. On the contrary, if the terrain corrections are omitted or calculated with incorrectly assumed density, the possible error from the classical approach will arise. Therefore the presented method is not only simpler but also more reliable than the classical method.
